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During capacitationofmammalian sperm intracellular [Ca2+] andcyclicnucleotides increase, suggest-
ing that CNG channels play a role in the physiology of sperm. Here we study the effect of capacitation,
8Br-cAMP (8-bromoadenosine 30,50-cyclic monophosphate) and 8Br-cGMP (8-bromoguanosine 30,
50-cyclic monophosphate) on the macroscopic ionic currents of mouse sperm, ﬁnding the existence
of different populations of sperm, in terms of the recorded current and its response to cyclic nucleo-
tides.Our results showthat capacitationandcyclic nucleotides increase the ionic current, having adif-
ferential sensitivity to cGMP (cyclic guanosine monophosphate) and cAMP (cyclic adenosine
monophosphate). Using a speciﬁc inhibitorwe determine the contribution of CNG channels tomacro-
scopic current and capacitation.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Mammalian sperm acquire the ability to fertilize the egg after
being ejaculated into the female genital tract in a process called
capacitation [1]. During this process a series of physiological
changes occur to sperm, including an intracellular pH alkaliniza-
tion, membrane potential hyperpolarization, an increment in intra-
cellular Ca2+ concentration ([Ca2+]i) and cyclic nucleotides [2,3].
cAMP (cyclic adenosine monophosphate) activates a cascade that
leads to protein phosphorylation by tyrosine kinase [2]. A soluble
and membrane bound guanylyl cyclase has been localized and
characterized in the mammalian sperm and testis cells, suggesting
their participation in the development of spermatogenesis and
sperm physiology [4,5], furthermore recent studies reveal that
mammalian sperm motility depends on nitric oxide, involving sig-
naling pathway mediated by cGMP dependent protein kinase
(PKG) [6]. cAMP and cGMP (cyclic guanosine monophosphate)
could activate cyclic nucleotide-gated (CNG) channels; these are
cationic channels that were originally found in the retina involvedchemical Societies. Published by E
0 ,50-cyclic monophosphate;
hate; cAMP, cyclic adenosine
hate; CNG, cyclic nucleotide-
ethanesulfonic acid sodium
ylene glycol-bis(2-aminoeth-
z Herrera).in light signal transduction in the photoreceptors [7]. The subunits
that form CNG channels have been cloned and immunolocalized
along the length of the ﬂagellum of mammalian sperm [8,9] and
electrophysiologically characterized using heterologous expression
in Xenopus oocytes [9]. Despite that the molecules involved in the
signaling pathways that activate CNG channels are present in the
sperm [4,5], the role of these channels in mature sperm physiology
has not been thoroughly investigated. Here we analyze the effect of
two membrane permeable cyclic nucleotides analogues, 8Br-cAMP
(8-bromoadenosine 30,50-cyclic monophosphate) and 8Br-cGMP
(8-bromoguanosine 30,50-cyclic monophosphate), and capacitation
in the electrophysiological properties of mature mouse sperm
using the whole-cell conﬁguration of the patch-clamp technique.
Furthermore we determine the contribution of CNG channels to
the macroscopic current and capacitation of mouse sperm using
l-cis-Diltiazem, a speciﬁc inhibitor of these channels [10].2. Material and methods
2.1. Sperm preparation
Sperm were obtained from CD1 mice aged 3–5 months. The
cauda and corpus regions of the epididymis were dissected, rinsed
and cut into pieces in Whitten–Hepes (WH) medium comprising
(in mM): 135 NaCl, 5 KCl, 2 CaCl2, 1 MgSO4, 10 glucose, 1 sodium
pyruvate and 10 HEPES pH 7.3. The swim-up method was used
to separate sperm with high motility [11], the sperm suspensionlsevier B.V. All rights reserved.
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the in vitro capacitation, the sperm were incubated for 90 min at
37 C in WH medium with 5% BSA and 24 mM NaHCO3. The exper-
imental protocol for the care and use of laboratory animals was
approved by the Cinvestav ethics committee. All compounds used
were from Sigma–Aldrich (St. Louis, MO, USA).
2.2. Electrophysiology
Mouse sperm were patch-clamped and the macroscopic current
recorded in the whole-cell conﬁguration as described [12], apply-
ing the patch micropipette to the sperm cytoplasmic droplet. The
internal pipette solution contained (in mM): 125 Cs-methansulph-
onate, 5 CsCl, 10 NaCl, 1.8 CaCl2, 10 EGTA (ethylene glycol-bis(2-
aminoethylether)-N,N,N0,N0-tetraacetic acid) 10 HEPES, pH 7.3. In
the presence of Ca2+ in the bath solution, the whole cell current
of sperm showed a very low conductance (Fig. S1), in a similar
magnitude, as previously reported for mouse sperm [12]. The bath
solution contained (in mM): 135 NaCl, 5 CsCl, 0.002 CaCl2, 10 Glu-
cose, pH 7.3. Using this solution, we recorded a whole-cell current
carried mainly by Na+ in the inward direction and Cs+ in the out-
ward direction (Fig. S1). The capacitated or non-capacitated sperm
were placed on glass coverslips treated with polylysine at 0.1%, in
the recording chamber and after 5 min the external solution was
infused. The pipette resistance with the internal solution ranged
between 9–18 MX. Resistance of the whole-cell patches ranged
between 1–3 GX. After break-in, the sperm was stimulated apply-
ing a voltage ramp protocol ranging from 100 to +100 mV of 1 s
duration from a holding potential of 70 mV. Currents recorded
with a Multiclamp700B ampliﬁer, ﬁltered at 2–5 kHz, were digi-
tized at 10 kHz using a PC equipped with a DigiData1440A (Axon,
Molecular Devices). Protocol stimulation, data acquisition and
analysis were performed with pCLAMP software (Axon, Molecular
Devices) and Origin 8 (Microcal Software).
2.3. Chlortetracycline assay
To assess the capacitation of mouse sperm, we used the chlortet-
racycline (CTC) assay modiﬁed from that described [13]. The CTC
solution contained (in mM) 0.5 CTC, 130 NaCl, 5 cysteine and 20
Tris–HCl pH 7.8. The suspension of swim-up puriﬁed sperm was
divided in equal parts and incubated in ﬁve different conditions:
(a) non-capacitated sperm, (b) non-capacitated sperm incubated
with 800 lM 8Br-cGMP, (c) capacitated sperm, (d) capacitated
sperm and incubated with 800 lM 8Br-cGMP, (e) capacitated
sperm incubated in presence of 50 lM l-cis-Diltiazem. The non-
capacitated sperm condition was used as control group where theFig. 1. Effect of 8Br-cAMP and capacitation on the macroscopic current of mouse sperm
100 mV from a holding potential of 70 mV for non-capacitated (NC) and capacitated (C
shows the current after removal of 8Br-cAMP (WASH). (B) Current–Voltage relationships
(nP 8 for each case). (C) I/INC at 100 and 100 mV in for the different traces shown in
P < 0.05 compared with CAP.sperm were kept in identical conditions as the other groups except
for the addition of 5% BSA and 24 mM NaHCO3.
For the CTC assay, 300 ll of sperm were mixed with an equal
volume of CTC solution and incubated for 10 min at room temper-
ature, and then ﬁxed with 0.1% glutaraldehyde and the ﬂuores-
cence patterns were assessed and quantiﬁed for a minimum of
100 sperm per condition per animal, with a Nikon TE2000-U
microscope equipped with epiﬂuorescence; using an excitation
ﬁlter of 480 nm, an emission ﬁlter of 535 nm and dichroic mirror
of 505 nm.
3. Results
3.1. Effect of cAMP and capacitation on the macroscopic ion currents of
mouse sperm
During sperm capacitation, different ion channels are activated,
speciﬁcally [Ca2+]i augments due the opening of Ca2+ selective
channels in the membrane. Using voltage-clamp whole-cell
recording in mouse sperm we compared the macroscopic ion cur-
rents in capacitated and non-capacitated mouse sperm, observing
that incubation of sperm in capacitating conditions, increases
signiﬁcantly both, the outward and inward current of mature
sperm by 79 ± 0.09% and 58 ± 0.07% respectively, compared with
those not capacitated (Fig. 1). Cyclic nucleotides elicited an entry
of Ca2+ in mammalian sperm [7], however previous reports failed
to detect the activation of macroscopic current induced by cAMP
or cGMP in whole-cell patch clamp recordings [12]. Fig. 1B shows
the effect of the addition of 200 lM 8Br-cAMP, a cell membrane
permeable analogue of cAMP, to a non-capacitated sperm, inducing
a signiﬁcant increment on both, inward and outward currents. Fur-
thermore, in capacitated sperm, the addition of 200 lM 8Br-cAMP
induces a larger increase, but only in the inward current (Fig. 1C).
The effect of 8Br-cAMP is reversible in both, capacitated and no
capacitated sperm, after washing out the cyclic nucleotide by bath
perfusion the current returns to its basal value.
3.2. Effect of cGMP and cAMP on subpopulations of sperm
As cAMP, cGMP also induced an increment in the macroscopic
current of non-capacitated mouse sperm, however, not all the cells
responded in the same way (Fig. 2). We noted the existence of
different sperm populations, in terms of the recorded macroscopic
current and their response to cyclic nucleotides. In Fig. 2 we show
representative traces of three different types of macroscopic cur-
rents recorded frommouse sperm in the same experimental condi-
tions and in presence of 200 lM 8Br-cAMP and 200 lM 8Br-cGMP.. (A) Representative whole-cell currents elicited by a voltage ramp from 100 to
AP) sperm without and with 200 lM of 8Br-cAMP (NC+ and CAP+). The dotted curve
(I–V) extracted from the traces in A; each curve represents the mean of several traces
A. Bars indicate mean ± S.D., nP 8 for each bar, ⁄P < 0.05 compared with NC and #
Fig. 2. Subpopulations of mouse sperm. Representative whole-cell current traces
elicited by a voltage ramp as in Fig. 1 (A), of the subpopulation of sperm that respond
to 200 lM 8Br-cAMP and 200 lM 8Br-cGMP (n = 48), (B); the subpopulation that
does not response to cyclic nucleotides (n = 36), (C); and the subpopulation that
present outward rectiﬁcation currents and respond to 200 lM 8Br-cAMP but not to
200 lM 8Br-cGMP (n = 5), (D).
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mice, we observed in the 53.9% (n = 48), that the addition of either
cyclic nucleotide induce an increment of the macroscopic currentFig. 3. Sensitivity to 8Br-cAMP and 8Br-cGMP. (A) Representative whole-cell currents tr
and 8Br-cGMP. (B) Dose–response curves of the normalized current at 100 mV as a fun
the Hill equation. Each point indicates the mean ± S.D., nP 3 for each point.in which cGMP induced a larger current compared with the cAMP
(Fig. 2B). A second population of sperm that correspond to 40.5%
(n = 36) (Fig. 2C) did not respond to cyclic nucleotides, and a third
population of sperm that correspond to 5.6% (n = 5) (Fig. 2D) fea-
tures a characteristic outward rectiﬁer current that respond to
cAMP but not cGMP, that resembles those currents produced by
cAMP-dependent outwardly rectifying Cl channels in osteoclasts
[14]. The different subpopulations were observed on the same
sperm preparation for any speciﬁc day.
3.3. Macroscopic currents of mouse sperm show different sensitivities
to 8Br-cAMP and 8Br-cGMP
The subpopulation of sperm that respond to both cyclic nucleo-
tides (Fig. 2B) shows a difference in the magnitude of the response
to the same concentrations of cAMP or cGMP, revealing an apparent
afﬁnity similar to that of CNG channels [9]. Therefore, we investi-
gated whether cGMP and cAMP differ in their efﬁcacy to activate
the macroscopic currents in sperm. Fig. 3 shows the doses response
curve for 8Br-cAMP and 8Br-cGMP of the whole cell current
increases in patch clamped mouse sperm (Fig. 3A). The dependence
of I/Imax on the cyclic nucleotides concentrations are shown in
Fig. 3B. Mean values for half-maximal activation (K1/2 ± S.E. at Vm
= 100 mV) were 142.4 ± 8.7 lM for 8Br-cGMP and 253.5 ±
22.8 lM for 8Br-cAMP. The Hill coefﬁcients were 2.4 ± 0.3 for 8Br-
cGMP and 1.6 ± 0.6 for 8Br-cAMP.
3.4. Inhibition of CNG channels by l-cis-Diltiazem decreases the whole-
cell current
To determine the speciﬁc participation of CNG channels to the
whole-cell sperm current, we used l-cis-Diltiazem, one of the few
pharmacological agents available that blocks the CNG channels
[10]. Fig. 4A shows the current–voltage relationship in response
to a saturating concentration of 8Br-cGMP and the blockage of
the activated current using different concentrations of l-cis-Diltia-
zem. 8Br-cGMP signiﬁcantly increases the current 3-fold and l-cis-
Diltiazem partially blocked the cGMP activated current up to 55.6%
at 100 mV with a concentration of 250 lM; and to 42.3% at
100 mV with a concentration of 50 lM (Fig. 4b). Is has been
reported that the inhibitory effect of l-cis-Diltiazem on CNG chan-
nels is strongly voltage-dependent [10], but we do not observe
signiﬁcant differences in the inhibition at 100 and 100 mV
(Fig. 4B). We believe this is due to the type of stimulation protocolaces elicited by a voltage ramp as in Fig. 1, at different concentrations of 8Br-cAMP
ction of the concentration of 8Br-cAMP (N) and 8Br-cGMP (j); curves were ﬁtted to
Fig. 4. Inhibition of CNG channels by l-cis-Diltiazem. (A) I–V relationship obtained from whole-cell currents elicited by a voltage ramp as in Fig. 1, at different concentrations
of the l-cis-Diltiazem. (B) Normalized current at 100 and 100 mV in absence (Ctrl) and presence of 800 lM 8Br-cGMP and with 800 lM 8Br-cGMP plus different
concentrations of the l-cis-Diltiazem. Bars indicate mean ± S.D., nP 3 for each bar, ⁄P < 0.05 compared with Ctrl, #P < 0.05 compared with 8Br-cGMP.
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and this does not allow that the interaction between the inhibitor
and the channel to reach the steady-state equilibrium. It is worth
noting that l-cis-Diltiazem did not inhibit the sperm basal whole-
cell current, in the same range of concentrations that inhibits the
cyclic nucleotide activated current (Fig. S2).
3.5. CNG channels participate in capacitation of mouse sperm
If CNG channels are active in themature sperm as we show, they
represent a pathway for the Ca2+ entry, which would participate in
the physiological processes that takes place in sperm, as motility,
capacitation or acrosome reaction. To determine the function of
CNG channels in capacitation, we explored the effect of inhibiting
the CNG channels on capacitation; thus the spermwere capacitated
in vitro in presence or absence of 50 lM l-cis-Diltiazem and the per-
centages of capacitation were then measured by the CTC assay. The
presence of l-cis-Diltiazem during sperm capacitation signiﬁcantly
inhibited this process by 55% compared with the control (Fig. 5),
from 59.15 ± 6.69% of sperm capacitated in control conditions toFig. 5. Effect of l-cis-Diltiazem and 8Br-GMPc on the sperm capacitation. Percent-
age of capacitated sperm by the incubation in non-capacitating buffer in absence
(NC, n = 10) or presence of 800 lM 8Br-GMPc (NC+8Br-cGMP, n = 7), and in
capacitated sperm in absence (Cap, n = 10), presence of 800 lM 8Br-GMPc
(Cap+8Br-cGMP, n = 7) or in presence of 50 lM l-cis-Diltiazem (Cap + l-cis-D,
n = 9)., Bars indicate mean ± S.D., ⁄P < 0.05 compared with NC, #P < 0.05 compared
with Cap S.D., n = 4 for each bar.32.79 ± 8.69% of sperm capacitated in presence of l-cis-Diltiazem.
Additionally, 8Br-cGMP alone was sufﬁcient to induce capacitation;
18 ± 7.60% of sperm became capacitatedwhenwere incubated with
800 lM8Br-cGMP for 60 min in non-capacitating buffer. Neverthe-
less when 800 lM 8Br-cGMP was added during sperm capacitation
the percentage of sperm capacitated did not signiﬁcantly increase
(Fig. 5).4. Discussion
Cyclic nucleotides cause increases in [Ca2+]i dependent on
extracellular Ca2+ in mammalian sperm [2,3], which may indicate
the involvement of Ca2+ permeable channels. The CNG channels
expressed in the sperm ﬂagella have been proposed to be the effec-
tors of the cyclic nucleotides induced Ca2+ response [7,9,15]. Nev-
ertheless, no one has managed to demonstrate conclusively that
cAMP or cGMP activate the CNG channels in mature sperm and
that these channels have a role in sperm physiology. In addition,
all reports indicate otherwise, as the mice deﬁcient in the CNG
channel proteins are fertile and have not been shown to exhibit
any defect in sperm function [6], or that the whole-cell mouse
sperm patch-clamp recordings have failed to detect any current di-
rectly activated by cell permeable cGMP [12]. Surprisingly our
experiments contrast with previous reports and advocate to assign
a functional role for CNG channels in mammalian sperm physiol-
ogy. Using whole-cell patch-clamp recordings on mouse sperm
we observed the activation of ionic currents elicited by capacita-
tion and for the ﬁrst time by permeable cAMP and cGMP. A key
ﬁnding to explain the differences between our observations and
previous reports is that there are heterogeneous populations of
sperm, in terms of the macroscopic current recorded and their
response to cyclic nucleotides. Thus, in our experimental condi-
tions, around 60% of sperm respond to cyclic nucleotides while
40% do not respond. This would explain why mice deﬁcient in
CNG channels may remain fertile [6] or why previous reports have
failed to detect currents directly activated by cyclic nucleotides
[12]. Different types of sperm subpopulations have been described,
e.g., in terms of mitochondrial functionality [16] or tyrosine phos-
phorylation deﬁciency [17]. The existence of subpopulations can be
considered as an adaptive advantage, thus the population that
comprised only fertile sperm will include those which fulﬁll all
the different parameters that confer physiological advantages to
respond to challenges from the environment in his way to fertilize
the egg.
A. Cisneros-Mejorado, D.P. Sánchez Herrera / FEBS Letters 586 (2012) 149–153 1538Br-cGMP shows a higher efﬁcacy to increase the macroscopic
current of non-capacitatedmouse sperm comparedwith 8Br-cAMP,
resulting in stronger apparent ligand sensitivity to cGMP, which
agrees with the higher selectivity for cGMP of the CNG channels
in the retina [7] and the heterologously expressed channel from
sperm [9]. Additionally, l-cis-Diltiazem reduces over 50% of the cur-
rent induced by 8Br-cGMP and 55% of capacitation. Besides
8Br-cGMP alone induced capacitation; altogether these results
indicate that CNG channels are functional in the mature sperm
and have a signiﬁcant participation in capacitation, possibly serving
as a Ca2+ entry that responds more sensitively to cGMP than to
cAMP, representing the target of a cGMP-signaling pathway that
regulates the [Ca2+] in mammalian sperm. The l-cis-Diltiazem
insensitive current, indicates that cyclic nucleotides may modulate
other ion channels directly or indirectly, as the Slo3 channel of
mouse sperm which is modulated by pH and cAMP [18], or could
exert its effect through the activation of PKG [19].
In conclusion, our results show the existence of subpopulations
of sperm depending on their response to cyclic nucleotides, which
allowed us to demonstrate for the ﬁrst time that CNG channels are
physiologically active and participate in mouse sperm capacitation.
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